A recent genome-wide study of mRNA and protein abundance in mammalian cells determined that cellular levels of proteins are predominantly controlled at the level of translation (Schwanhausser et al. 2011) . Although methods have been developed that allow transcription to be quantified at the single molecule level in living cells, similar measurements of translation in eukaryotic cells have not yet been possible. Only in bacteria has it been possible to measure the mRNA and protein levels of a gene with single molecule sensitivity in single cells (Taniguchi et al. 2010 ). Here we highlight what has been learned about the behavior of single mRNA molecules in gene expression and the current methodologies for imaging translation in single cells. We conclude by discussing what could be performed to allow the translation of single mRNA molecules to be monitored in living cells.
SINGLE MOLECULE IMAGING OF mRNA IN GENE EXPRESSION
The development of imaging technologies capable of quantifying and tracking single RNA molecules has allowed gene expression to be characterized in living cells. The most common method for imaging single molecules of mRNA in living cells uses a unique RNA stem-loop sequence that is specifically recognized by the MS2 bacteriophage coat protein (MCP) (Valegard et al. 1994) . By constructing a reporter mRNA that contains multiple copies of the MS2 operator RNA stem-loop and coexpressing a chimeric MS2 coat protein fusion with green fluorescent protein (GFP), single RNA molecules can be detected above the fluorescent background of the unbound MCP-GFP molecules ( Fig. 1A) (Bertrand et al. 1998; Beach et al. 1999) . Because the MCP binds to its cognate RNA stem-loop with high affinity, this interaction allows stable labeling of the reporter RNA in cells (Lowary and Uhlenbeck 1987; Lim and Peabody 1994) . Although labeling of RNAs with the MS2 systems requires the addition of multiple RNA stem-loops and MCP-GFP molecules, this increase in size and mass does not significantly perturb RNA metabolism as evidenced by the creation of a transgenic mouse that has an insertion of the MS2 stem-loops in the endogenous b-actin gene, which has no effect on viability ). This system has been used to study many aspects of gene expression ranging from transcription to RNA localization in the cytoplasm in a variety of experimental systems.
Quantifying transcription in real time in living cells has revealed that the expression of individual genes is stochastic and has allowed direct measurement of the kinetics of the process. In bacteria, the counting of individual mRNAs in single cells showed that transcriptional bursting, infrequent transcription events that produce many transcripts within a short period of time, Fusco et al. 2003; reprinted, with permission, from Elsevier # 2003.) was responsible for the variability in gene expression (Golding and Cox 2004; Golding et al. 2005) . Similarly, in the eukaryote Dictyostelium, transcription of an endogenous developmental gene, dscA, was observed to be expressed in discrete bursts of gene activity (Chubb et al. 2006 ). It has also been possible to measure the speed of the RNA polymerase II in mammalian cells and it was found to elongate at 4.3 kb min
21
. Surprisingly, gene expression was found to be inefficient, with only 1% of polymerases that contact the gene resulting in transcription of an mRNA (Fig. 1B) (Darzacq et al. 2007) .
Once a transcript leaves the site of its transcription, its movements can be tracked within the nucleoplasm. Rapid time-lapse imaging and single particle tracking revealed that the diffusion of individual mRNAs is governed by simple diffusion and that transcripts can be partially corralled by the chromatin domains within the nucleoplasm (Fig. 1C ) (Shav-Tal et al. 2004) . Transcripts diffuse within the nucleoplasm for times ranging from 5 to 40 minutes; however, once a transcript engages a nuclear pore, export into the cytoplasm is fast (less than 0.2 sec) (Grunwald and Singer 2010; Mor et al. 2010) . Interestingly, transport through the nuclear pore takes only 5-20 min and docking on the nuclear side and release into the cytoplasm both take approximately 80 min, indicating that translocation through the nuclear pore is not the rate-limiting step (Grunwald and Singer 2010) .
In contrast to what was observed in the nucleus, once a transcript is in the cytoplasm, it can undergo rapid directional movements indicating active transport by molecular motors along the cytoskeleton. The MS2 system was first employed to characterize the localization of ASH1 mRNA to the bud tip in Saccharomyces cerevisiae (Bertrand et al. 1998) . Time-lapse imaging of ASH1 mRNA tagged with MCP-GFP showed that it was transported at speeds of 0.20 -0.44 mm sec 21 by Myo4p, a type V myosin motor, along the actin cytoskeleton. Characterization of mRNA movements in mammalian cells indicated that transcripts can undergo static, corralled, diffusive and directed movements in the cytoplasm, and individual transcripts frequently switch between these different modes of movement ( Fig. 1D) (Fusco et al. 2003) . The bactin mRNA zipcode, a cis-acting element that is responsible for the localization of this transcript, was found to increase both the frequency and length of directed movements. In the Drosophila melanogaster oocyte, the posterior localization of oskar mRNAwas found to be achieved by a biased random walk with a 14% excess of posterior directed movements by kinesin along weakly polarized microtubules (Zimyanin et al. 2008) .
Characterization of mRNAs in the cytoplasm has also provided indirect evidence for how translation may affect these movements. In rat pheochromocytoma cells (PC12), a reporter mRNA that labeled peripherin mRNA with MCP-YFP (yellow fluorescent protein) indicated that RNA particles were motile with an average speed of 0.42 mm sec 21 and that often, when particles became stationary, the peripherin protein could subsequently be detected (Chang et al. 2006) . This led to the hypothesis that motile mRNAs are translationally repressed. Further evidence for this model was obtained by tracking ARC mRNA with MCP-GFP in cultured rat neurons. ARC mRNA was observed to undergo rapid bidirectional movements while in transit, but would often reverse direction and decrease in velocity before becoming stationary suggesting that local signals in the dendrite regulated ARCs mRNA movement and determined the location for its translation (Dynes and Steward 2007) . Although these experiments have provided hints as to how protein synthesis is regulated, more direct methods are required to study the translation of mRNAs in the cytoplasm.
GLOBAL MEASUREMENTS OF PROTEIN SYNTHESIS IN SINGLE CELLS
To distinguish newly synthesized proteins from ones that have been previously translated, cells can be incubated with radioisotopically labeled amino acids ( 35 S-methionine) that are then incorporated into nascent polypeptides. On cell lysis, the fraction of the proteome that has been synthesized after the addition of the radiolabeled amino acid can be measured by autoradiography. Although these types of experiments have been tremendously informative for deducing the mechanisms by which factors exert their translational control, they cannot be performed on intact cells and, consequently, information concerning the spatial regulation of protein synthesis within the cell is lost. Several fluorescent microscopy approaches have been developed that allow global changes in translation to be measured in single cells.
Fluorescent Noncanonical Amino Acid Tagging (FUNCAT)
Noncanonical amino acids that can be recognized by the appropriate aminoacyl tRNA synthetase and incorporated into elongating polypeptides by the ribosome provide a tool for fluorescent labeling of newly synthesized proteins. Schuman and colleagues devised a labeling strategy based on two methionine analogs, azidohomoalanine (AHA) and homopropargylglycine (HPG) (Dieterich et al. 2010 ). These noncanonical amino acids can be added at methionine codons. Because they contain chemical functionality that standard amino acids to do not have, they can be specifically conjugated to fluorescent dyes (Texas Red or carboxyfluoroscein) via "click chemistry" that uses a coppercatalyzed azide-alkyne [3 þ 2] cycloaddition ( Fig. 2A) (Rostovtsev et al. 2002) . This metabolic labeling strategy is conceptually very similar to radiolabeling with 35 S-methionine; however, it allows detection of newly synthesized proteins by fluorescent microscopy. Because AHA and HPG are not as efficient substrates for methionyl-tRNA-synthetase (metRS) as methionine, it is necessary to reduce the cellular concentration of methionine by starving the cells of this particular amino acid, so that the analogs can effectively compete for charging to tRNA and incorporation by the ribosome. The AHA and HPG amino acids are added to proteins in positions normally occupied by methionines, which can result in nonuniform labeling because the accessibility of the noncanonical side chains to participate in "click chemistry" may not be equivalent for every protein.
FUNCAT has been used to investigate the dynamics of protein synthesis in rat hippocampal neurons. Although this metabolic labeling strategy labels all newly synthesized cellular proteins after addition of AHA or HPG, the noncanonical amino acid can be locally microperfused using a small delivery pipet combined with a suction pipet to discrete subcellular regions. Using this approach FUNCATwas used to observe protein synthesis in individual dendrites that was diminished on addition of anisomycin, a translation inhibitor, and stimulated on addition of brain-derived neurotropic factor (BDNF), which induces translation-dependent enhancement of synaptic strength (Kang and Schuman 1996) . The engineering of a mutant MetRS that is capable of charging the noncanonical amino acid azidonorleucine, which is not recognized by the cell's endogenous MetRS, can be used to restrict the incorporation of azidonorleucine to a defined population of cells (Ngo et al. 2009 ).
Fluorescent Puromycin Derivatives
Puromycin is a natural product derived from Streptomyces alboniger bacteria that causes premature termination of the elongating protein during translation. The small molecule contains a region that is structurally analogous to the 3 0 -terminus of aminoacylated-tRNA and can enter the ribosome at the acceptor site. When puromycin is bound in this position, its primary amine forms a peptide bond with the carboxyl terminus of the nascent polypeptide, thereby stalling the ribosome and prematurely terminating protein synthesis (Yarmolinsky and Haba 1959; Nathans 1964) . By conjugating a fluorescent dye to puromycin, newly synthesized polypeptide fragments can be detected in living cells. (Fig. 2B ) It has been shown that puromycin substituted at the 5 0 OH has decreased efficacy as a translation inhibitor, so a deoxycytidine (dC) was used to link fluorescent dyes (Cy5 and fluorescein) to puromycin (Starck and Roberts 2002; Starck et al. 2004 ).
Fluorescein-dC-puromycin (F2P) has been used to measure global protein synthesis in the dendrites of rat hippocampal neurons. Addition of F2P to neuronal cultures resulted in an increase in fluorescence in both the soma and dendrites and this signal was attenuated by addition of anisomycin or unlabeled puromycin (Smith et al. 2005) . When neurons were treated with a dopamine D1/D5 agonist, SKF-38393, a significant increase in fluorescence was measured in both dendrites and spines consistent with the ability of dopamine agonist to stimulate protein synthesis.
A second puromycin analog has been developed that contains a terminal alkyne group, O-propargyl-puromycin (OP-puro) (Liu et al. 2011) . This substitution enables "click chemistry" to be performed on the polypeptide-OPpuro fusions allowing conjugation with fluorescent dyes in a similar manner as described for FUNCAT. Importantly, this labeling strategy can be used to fluorescently detect nascent proteins in whole animals. When OP-puro is injected intraperitoneally into mice, protein synthesis can be detected in tissue that has been fixed and stained with tetramethylrhodamine-azide. Protein synthesis was found to be highest in the crypts and at the base of intestinal villi in the small intestine, which is consistent with the function of these cells and shows the sensitivity of this method to detect differences in translation rates amongst and within different organs.
Fluorescent tRNA-Derivatives
An alternative strategy for measuring protein synthesis in living cells that does not label the protein product of translation has been shown using fluorescently labeled tRNA (fl-tRNA). In this experiment, bulk uncharged tRNA from yeast was labeled with either Cy3 or Rhodamine 110 (Rho110) in the D-loop (Betteridge et al. 2007; Pan et al. 2009 ). Most tRNAs contain dihydroU at multiple positions within the D-loop that can be selectively reduced by treatment with NaBH 4 and then conjugated to fluorescent dyes (Cerutti and Miller 1967) . Modification of tRNAs in these positions does not alter their ability to bind to the ribosome and can be used to monitor translation (Pan et al. 2007) .
When fl-tRNAs were transfected into Chinese hamster ovary (CHO) cells, they partially colocalized with several cellular proteins involved in tRNA charging or translation (Arg-RS, eEF1A, and rpS6) indicating that the fltRNAs were functional (Barhoom et al. 2011) . When cells are transfected with both Cy3-tRNA and Rho110-tRNA, fluorescence resonance energy transfer (FRET) can be observed when the differentially labeled tRNAs occupy adjacent positions within the ribosome (Fig. 2C) . Using this system, primary brain astrocytes that were activated with either bacterial lipopolysaccharides or interferon-g were found to have increases in both the number of cells that had FRET signals as well as the intensity of the FRET signal per cell. These increases in FRET correlated with standard 35 S metabolic labeling, indicating that this approach could provide information on sites of active translation within cells.
TRANSCRIPT-SPECIFIC MEASUREMENTS OF TRANSLATION IN LIVING CELLS
To measure changes in protein synthesis for a particular protein of interest, radioisotope labeling with 35 S-methionine of all cellular proteins can be followed by immunoprecipitation with specific antibodies and standard electrophoresis. Although this approach allows the translation properties of endogenous protein to be measured, it is often of interest to know where and when specific proteins are synthesized within a cell. A number of approaches have been developed that allow the fluorescent detection of reporter constructs that have been exogenously expressed.
Fluorescent Protein Reporters
The discovery and development of fluorescent proteins has been a boon for scientists interested in visualizing intracellular gene expression. When a protein of interest is expressed as a chimeric fusion protein with a fluorescent protein, the intracellular fluorescence can report on the subcellular localization of the endogenous protein. A variety of fluorescent proteins with distinct spectral properties have been engineered (Giepmans et al. 2006; Wu et al. 2011) . Recent advances have allowed fluorescent proteins to be used as translation reporters to dynamically visualize synthesis of new proteins in living cells. In neurons, the use of translation reporters has widely been used, due in large part to the cells' pronounced polarized morphology that clearly distinguishes the cell body from the processes. The neurites provide discrete subcellular compartments away from the cell body where protein synthesis can be spatially and temporally regulated. Furthermore, the observation that synaptic plasticity requires local synthesis of new proteins at specific synapses provides a rationale for devising and advancing effective translation reporters.
Our understanding of RNA localization and local protein synthesis has been central to the design of translation reporters. Schuman and colleagues created a dendritic translation reporter by flanking the coding sequence for GFP with the 5 0 and 3 0 untranslated regions (UTR) of the a subunit of Ca 2þ /calmodulindependent kinase II (aCaMKII) (Fig. 3A.1 ) (Aakalu et al. 2001; Sutton et al. 2004) . The 3 0 UTR of aCaMKII has been shown to be sufficient for dendritic localization of the mRNA in neurons. Furthermore, to address the possibility that GFP synthesized in the cell body could diffuse into the dendrite, a myristoylation tag was included before the GFP coding sequence to anchor the newly synthesized reporter proteins to the plasma membrane. The PEST sequence from ornithine decarboxylase was fused to the carboxyl terminus of GFP to reduce the half-life of the protein and enhance the temporal resolution of the reporter (Rogers et al. 1986; Corish and Tyler-Smith 1999) . On treatment of hippocampal neurons with brain derived neurotrophic factor (BDNF), it was possible to visualize newly synthesized reporter fluorescence from distal regions of transected or optically isolated dendrites. Success of the dendritic translation reporter paved the way forefforts to design translation reporters targeted to different regions of the neuron. Flanagan and colleagues fused GFP with a 77-nucleotide conserved region from the 3 0 UTR of the Eph2A receptor (Brittis et al. 2002) . When expressed in commissural neurons of chick spinal cords, GFP fluorescence could be detected in distal axon segments. To address concerns that fast axonal transport may confound interpretation of the results, the GFP in the reporter was replaced with a fluorescent protein (Fluorescent Timer) that changes color from green to red over time (Terskikh et al. 2000) . Comparison of the relative green and red fluorescence intensities from the soma and the axon growth cone gave results consistent with de novo protein synthesis within axons.
Continued development of fluorescent proteins that are capable of undergoing photoconversion and photoswitching has provided a means to distinguish newly synthesized proteins from the preexisting population of protein. A brief exposure of these fluorescent proteins to ultraviolet light (UV) within a confined focal volume results in the photoconversion of the fluorophore to different excitation and emission characteristics and allows detection of newly synthesized protein by visualizing the recovery of the unconverted fluorescent protein (Stepanenko et al. 2008; Wu et al. 2011) . Experimental strategies that use these fluorescent proteins reduce concerns of somatic contamination of the reporter protein and provide unprecedented spatial and temporal resolution.
Localization of b-actin mRNA and its translation have been shown to be important for cell migration in fibroblasts and extending axonal growth cones in neurons (Kislauskis et al. 1994; Bassell et al. 1998) . To investigate the role of local b-actin mRNA translation in growth cone turning, Holt and colleagues constructed an axonal translation reporter by fusing the photoconvertible protein, Kaede, to the b-actin 3 0 UTR, which contains cis-acting elements responsible for RNA localization and translational control (Leung et al. 2006) . Kaede is a fluorescent protein that was isolated from the stony coral, Trachyphyllia geoffroyi, and undergoes an irreversible photoconversion (green to red) on irradiation with UV light that results in a 2000-fold increase in red-to-green fluorescent signal (Ando et al. 2002) . In growth cones expressing the Kaede reporter, new translation was observed on the side of the growth cone that was closest to an external gradient of the netrin-1 guidance cue (Fig. 3B) . These data indicate that local synthesis of b-actin protein is important for the attractive turning response of growth cones.
To investigate the somatodendritic presence of potassium channel Kv1.1, which has been 
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Growth cone CCXX C C CCXX C C CCXX C C Figure 3 . Strategies for visualization of newly synthesized proteins in neurons. Polarized cellular architecture of neurons provides an ideal system to study localized translation in discrete subcellular domains. In dendrites (A), a small structure called the spine receives signals and transmits the information to the cell body. During this process, localized protein synthesis can be visualized using a variety of strategies depicted in the illustration. 1. Anchored GFP: Postsynaptic stimulation leads to synthesis of myristoylated GFP (green cylinder) that becomes anchored to the membrane thereby demarcating the site of active translation. 2. Photoconvertible GFP: Conversion of the preexisting population of fluorescent proteins (cylinders) from green to red by a brief exposure to ultraviolet light allows visualization of the newly synthesized population of fluorescent proteins. 3. Biarsenical dyes: Association of cell-permeable biarsenical dyes, FlAsH (F) and ReAsH (R) to the tetracysteine motif (CCXXCC) permits detection of translation using a pulse-chase approach. 4. TimeSTAMP: A self-cleaving protease (white) cassette that carries an epitope tag (yellow) becomes detectable on addition of the protease inhibitor (blue) by immunofluorescence methods. In axon growth cones (B), the directionality of guidance cues (upper right quadrant) can lead to asymmetric translation thereby leading to rapid growth cone turning and extension. Most, if not all, of the strategies employed in dendrites can be used in growth cones and other subcellular compartments to further characterize localized GFP translation (green cylinder) in neurons.
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shown to be predominantly localized to axons, Jan and colleagues designed a reporter with Kaede fused to the amino terminus of the potassium channel protein Kv1.1 and whose mRNA also contained the 3 0 UTR of Kv1.1 (Raab-Graham et al. 2006). On photoconversion and rapamycin treatment, the investigators observed new Kaede-Kv1.1 expression in distal regions of the dendrites indicating that the 3 0 UTR contributes to the dendritic localization of the mRNA and subsequent stimulation-dependent translation of Kv1.1 (Fig. 3A.2) . Interestingly, they observed that the fluorescently labeled Kv1.1 was concentrated in stationary "hotspots" in dendrites similar to what was reported with other locally translated protein (Aakalu et al. 2001) .
To directly measure the requirement for local translation in neuronal plasticity, Martin and colleagues constructed a translation reporter using the photoconvertible Dendra2 flanked by the 5 0 and 3 0 UTRs of sensorin (Wang et al. 2009 ). Dendra2, is a single point mutant (A224V) of Dendra which results in faster maturation and brighter fluorescence, that undergoes an irreversible photoconversion from green to red fluorescence on excitation with either UV or blue light (488 nm) (Gurskaya et al. 2006) . Photoconversion with blue light instead of UV light reduces phototoxicity that can be induced by exposure to UV irradiation. Sensorin mRNA localizes to synapses between sensory neuron and motor neuron involved in the gill withdrawal reflex of the sea slug, Aplysia. The monosynaptic connection between a sensory neuron and a motor neuron in culture provides an elegant and yet simple system to directly test stimulus-specific responses and visualize plasticity in the synapses that express the reporter. Following photoconversion of the preexisting reporter population and serotonin stimulation, they observed local translation of the reporter in a synapse-specific and stimulus-dependent manner.
Biarsenical Dyes
Although fluorescent proteins have proven to be extremely useful for measuring translation in living cells, they are limited in their ability to measure rapid changes in protein synthesis because of the time it takes for the fluorophore to mature once the protein has been translated. For many fluorescent proteins, the maturation time has been measured to be greater than 10 minutes and can take up to several hours for fluorescence to become detectable (Evdokimov et al. 2006; Kremers et al. 2006; Shaner et al. 2008) . This lag in time between when the fluorescent protein has been synthesized and when it becomes observable also prevents identification of the precise location of translation because the fluorescent protein can diffuse away from the site of its synthesis. The engineering of short peptides sequences that can significantly enhance the fluorescence of dyes or small molecules provides a means to detect proteins as they are being translated.
The Tsien laboratory developed two biarsenical fluorescent dyes based on fluorescein (FlAsH) and resorufin (ReAsH) that become fluorescent when bound by a peptide that contains four cysteine residues (Griffin et al. 1998; Adams et al. 2002) . The peptide sequence (FLNCCPGCCMEP) adopts a specific b-hairpin turn structure that is able to bind the biarsenical dyes with picomolar binding affinities (Madani et al. 2009 ). The FlAsH and ReAsH dyes are also membrane permeable, which facilitates their use in imaging translation in living cells. This labeling strategy was used to show that the AMPA receptors, GluR1 and GluR2, are locally synthesized in dendrites and localized to synapses in response to activity-dependent changes in synaptic strength (Ju et al. 2004) . To observe newly synthesized proteins, the FlAsH and ReAsH dyes were used in a pulse-chase experiment, so that all preexisting GluR1 proteins were labeled with ReAsH and only proteins synthesized during the chase would be labeled by FlAsH (Fig. 3A.3) . To determine the location of protein synthesis, the tetracysteine peptide sequence was added to the amino terminus of a GFP-b-actin fusion protein (Rodriguez et al. 2006) . By placing the tetracysteine peptide sequence at the beginning of the reporter protein, the location of polysomes carrying multiple nascent reporter proteins that are actively being translated could be identified. Recently, a peptide that contains three copies of the tetracysteine sequence was engineered that has increased brightness compared to the original sequence, which improves the signal-to-noise in these experiments and may facilitate detection of the cellular sites of translation (Van Engelenburg et al. 2010) .
TimeSTAMP
In efforts to develop novel approaches to discern newly synthesized proteins from the preexisting population, the Tsien lab devised a drug-dependent epitope tagging approach that does not use fluorescent proteins. Time-specific tagging for the age measurement of proteins, or Time-STAMP, uses a viral protease whose activity can be controlled by a cell-permeant drug (Fig. 3A.4 ) . The crux of the idea was to design a self-cleaving cassette that can be regulated by a specific small molecule inhibitor. The cassette is composed of the NS3 protease from hepatitis C virus flanked by its cognate target sites along with an epitope tag on the opposite side of the protein of interest. In the absence of the inhibitor, BILN-2061, the protease will cleave itself, rendering the protein undetectable to antibodies against the tag. On addition of the inhibitor, the protease activity is blocked and the epitope tag then becomes available for detection. By capturing the immunofluorescence of the protein of interest and the epitope tag, it is possible to distinguish the population of newly synthesized protein during the time window of the drug administration.
The goal of TimeSTAMP was not only to visualize newly synthesized protein, but also to develop a method that circumvents some of the concerns with traditional fluorescent protein-mediated detection of new proteins. For example, phototoxicity during photoconversion or photobleaching of fluorescent proteins is a significant concern to those intending to study intracellular translation over a long period of time. Second, the time delay between synthesis and subsequent maturation of the chromophore reduces the temporal resolution of the onset of translation. In addition, limitations in detection of low copy number proteins and the inability to amplify fluorescence signal from fluorescent proteins allow only high abundance proteins as potential targets for analyses. In summary, although TimeSTAMP is not amenable to dynamic visualization of newly synthesized proteins, it provides an alternative strategy and has the potential to complement fluorescent protein-based reporter assays that are currently available. TimeSTAMP has been used to detect new protein synthesis of postsynaptic density protein (PSD)-95 and the trafficking of neuroligin (NLGN) 3 in cultured hippocampal neurons De Jaco et al. 2010) .
FUTURE DIRECTIONS
Thus far, the methodologies used to measure translation in single cells have focused on either the process of protein synthesis or its protein output, which has made detection of single molecules challenging. Because of the critical role of translation and its regulation in gene expression, new techniques and labeling strategies will need to be developed to more precisely interrogate protein synthesis. An alternate strategy that measures translation-dependent changes to reporter mRNAs themselves may allow translation to be monitored with the single molecule resolution in living cells. Besides the well-established fluorescent labeling method based on the MS2 bacteriophage coat protein, fluorescent RNA labeling has also been shown using the PP7 bacteriophage coat protein, the lN peptide and the U1A spliceosomal protein (Brodsky and Silver 2000; Takizawa and Vale 2000; Daigle and Ellenberg 2007; Larson et al. 2011) . Because all four RNA-protein complexes are orthogonal, it should be possible, in principle, to specifically label a reporter mRNA in both the coding region as well as the 3 0 UTR with spectrally distinct fluorescent proteins. In such a system, an untranslated RNA would labeled with two fluorescent proteins; on translation, however, the ribosome would displace the fluorescent protein that was bound to the coding region resulting in a singly fluorescently labeled RNA. Using this type of reporter, untranslated RNAs can be distinguished from ones that have encountered the ribosome in real time in living cells. Although this experimental methodology is only designed to allow observation of the first round of translation, much of the regulation of translation takes place at the initiation step. Such a system could be used to address a variety of outstanding questions including where the pioneer round of translation takes place for mRNAs that contain premature stop codons and are targets of nonsense mediated decay, and whether localized mRNAs are translationally repressed during transport (Maquat 2004; Chang et al. 2007; Sonenberg and Hinnebusch 2009; Donnelly et al. 2010) . Continued development of reagents and techniques for quantifying translation of single molecules in living cells will lead to a mechanistic understanding of the regulation of translation and, undoubtedly, a few surprises along the way.
